Abstract Patients with hypertrophic cardiomyopathy (HCM) may have delayed septal activation and left ventricular (LV) mechanical dyssynchrony, and may improve after alcohol septal ablation (ASA). This study used phase analysis of gated SPECT myocardial perfusion imaging (MPI) to evaluate septal activation and LV dyssynchrony in HCM patients pre-and post-ASA. Phase analysis was applied to 28 controls, and 32 HCM patients having rest MPI pre-and post-ASA to assess septal-lateral mechanical activation delay (SLD) and consequent LV dyssynchrony. In addition, phase analysis was applied to another group of 30 patients having serial MPI to measure variability of the LV dyssynchrony parameters on serial studies. ASA significantly reduced SLD and improved LV synchrony in the HCM patients with SLD \ 0°due to earlier activation of the lateral wall relative to the septum. Based on the measured variability, 12 HCM patients had significant (Z \ -1.65, P \ 0.05) and 4 had moderate (Z \ -1.00, P \ 0.15) improvement in LV synchrony post-ASA. SLD \ 0°predicted improvement in LV synchrony after ASA with a sensitivity of 81% and a specificity of 88%. SLD and LV dyssynchrony were frequent in HCM patients. HCM patients, whose septal activation became later than lateral activation, had significant reduction in septal activation delay and improvement in LV synchrony after ASA.
Introduction
Hypertrophic cardiomyopathy (HCM) is a primary myocardial disorder characterized by marked left ventricular (LV) hypertrophy, which often disproportionately involves the septum [1] [2] [3] . Approximately one-third of the patients with HCM have dynamic LV outflow obstruction at rest [3, 4] . Recent data have confirmed that LV outflow obstruction at rest is an important determinant of cardiovascular morbidity and mortality in these patients [5] [6] [7] [8] . Alcohol septal ablation (ASA) has emerged as an alternative approach to surgical myomectomy and to medical therapy in treating symptomatic patients with HCM who have LV outflow tract obstruction [9] [10] [11] . The principles surrounding the role of outflow obstruction in HCM are supported by the current American College of Cardiology/European Society of Cardiology expert consensus recommendations [12, 13] .
In patients with HCM and disproportional septal hypertrophy, alteration in mechanical activation of the septum might produce LV mechanical dyssynchrony. ASA by decreasing the septal thickness might restore mechanical synchrony.
Phase analysis has been used to measure LV mechanical dyssynchrony from gated single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) [14] . This technique utilizes the partial volume effect, which states that the variation of regional maximum counts during a cardiac cycle is proportional to myocardial wall thickening of the same region. By approximating the wall-thickening curve of each myocardial region of the LV, phase analysis calculates a phase angle for each region to represent regional onset of mechanical contraction. It then assesses the heterogeneity of the phase angles over the entire LV to quantify global LV mechanical dyssynchrony and compares the phase angles among various regions to quantify regional LV mechanical dyssynchrony. Phase analysis has been shown to correlate well with two-dimensional (2D) and three-dimensional (3D) echocardiography in measuring LV mechanical dyssynchrony [15, 16] and to predict response to cardiac resynchronization therapy (CRT) in heart failure patients [17] . Further, a recent study showed that phase analysis could assess regional activation delay and identify the site of latest mechanical activation as the optimal site for LV pacing lead in patients undergoing CRT [18] .
The purpose of this study was to use phase analysis of gated SPECT MPI to assess the effect of ASA on septal activation delay and LV mechanical dyssynchrony in patients with HCM.
Materials and methods

Patients
Three groups of patients were included in this study. The HCM group included 32 patients from the University of Alabama at Birmingham. The control group included 28 normal subjects from Emory University. The repeatability group included 30 patients who had 2 serial gated SPECT MPI studies at the University of Pittsburgh Medical Center. The baseline characteristics of these patient groups are summarized in Table 1 . Emory University served as the core laboratory for image analysis. This study was approved by the Institutional Review Board at all participating institutions.
Patients with HCM underwent ASA because of severe symptoms despite adequate medical therapy and all had LV outflow gradients. There were 15 men and 17 women, aged 53 ± 13 years. The inclusion criteria were previously reported [19] . The patients underwent rest gated SPECT MPI, 4 ± 10 days (1 * 30 days) before and 14 ± 9 weeks (6 * 36 weeks) after ASA. The demographics in these patients were previously described in details [19] . The method of ASA was previously reported, and pressure gradients across the LV outflow tract were reported before and after the procedure, both at rest and with provocation [19] .
The control group was selected from the Emory Clinical Data Warehouse provided by Emory Healthcare Information Services. Emory Clinical Data Warehouse is a central repository of historical data for all entities of Emory Healthcare from 1994 to the present. The data is generally extracted from Emory operational systems nightly then transformed into a usable format. Twenty-eight consecutive normal subjects, who had gated SPECT MPI and echocardiography within 3 months between January 2009 and October 2010, were enrolled to assess the normal pattern of septal activation. These normal subjects had no functional abnormalities such as LV dysfunction by echocardiography, heart failure symptoms, known cardiomyopathy, left-bundle branch block (LBBB), right-bundle branch block (RBBB), or LV hypertrophy and had a low likelihood of coronary artery disease (CAD).
The repeatability group consisted of 30 patients referred for clinically indicated stress testing to the University of Pittsburgh Medical Center, who consented to participate in a study evaluating the repeatability of measurements on two serial gated SPECT MPI. The average age was 63 ± 12 years and 19 (63%) were men. The primary indication for stress testing was pre-operative cardiovascular evaluation in 12 (40%), chest pains in 9 (30%), exertional dyspnea in 5 (17%), and evaluation of known CAD in 2 (7%), syncope in 1 (3%), and congestive heart failure in 1 (3%). Twelve patients (40%) had abnormal perfusion on SPECT. The mean summed stress score was 10.5 ± 8.1 (range 3-30). The resting electrocardiogram showed LBBB, RBBB, and right ventricular paced rhythm in 1, 2, and 3 patients, respectively. Table 2 summarizes the gated SPECT MPI acquisition protocols of the three patient groups. In the HCM group, rest gated SPECT MPI studies were acquired with a dual-head detector (Philips Medical Systems, Milpitas, California) 60 min after intravenous injection of 15-30 mCi (555-1,110 MBq) of Tc-99 m sestamibi. The images were obtained in 32 projections (30 s per projection) using 180°anterior elliptical arc (45°right anterior oblique to 45°left posterior oblique) with 20% energy window centered on 140 keV. The RR cycle was divided into 8 or 16 frames, and gating was done with a ± 50% window. The method was previously described and no stress studies were obtained [19] . The control group had standard sameday Tc-99 m rest/stress MPI at Emory University Hospital. Only the resting gated MPI data were analyzed in this study. In the resting protocol, radiopharmaceutical was injected at rest at time zero with 10 mCi (370 MBq) for patients up to 200 lbs (91 kg), 12 mCi (444 MBq) for patients between 200 lbs (91 kg) and 300 lbs (136 kg), and 15 mCi (555 MBq) for patients heavier than 300 lbs (136 kg), respectively. After 60 min, the patient was positioned supine for SPECT acquisition using a GE Millennium MG system (GE Medical Systems, Milwaukee, WI). The images were acquired over an 180°c ollection arc beginning at 45°right anterior oblique and ending at 45°left posterior oblique with 64 projections, 30 s per projection. Matrix size was 64 9 64 with 8 frames/cycle. The scan was acquired using a dual-head SPECT system equipped with a lowenergy high-resolution parallel-hole collimator. In the repeatability group, the patients underwent same-day, rest-stress Tc-99 m sestamibi gated SPECT MPI on a dual headed camera (Philips Medical Systems, Milpitas, California) using standard imaging acquisition parameters (step and shoot format with 25 s per each of 64 stops, 180°orbit, and low-energy-high-resolution collimators) and 16-bin gating. Thirty minutes after the first post-stress acquisition, patients were re-positioned on the table by a separate technologist, and a gated SPECT MPI image re-acquired.
Gated SPECT MPI
Image processing
Emory University Nuclear Cardiology R&D lab served as the core lab for this study. All patient studies were sent to Emory for image processing and analysis. Three different operators, who were blinded from one another, processed the images of the three groups, respectively, using the same processing parameters. All groups were reconstructed by ordered subsets expectation maximization with 3 iterations and 10 subsets. A Butterworth filter with a cutoff frequency of 0.35 cycles/cm and a power of 10 was used to filter the gated images. The reconstructed images were reoriented manually to generate gated short-axis images, and then submitted to the phase analysis. For the HCM and repeatability groups, the serial images of each patient were processed side-byside.
Global and regional dyssynchrony by phase analysis Figure 1 demonstrates the processing steps of phase analysis to assess LV global dyssynchrony. The gated SPECT MPI raw data were reconstructed and reoriented using the standard protocol to generate a gated SPECT MPI short-axis image. Regional maximal count detection was performed on the gated SPECT MPI short-axis image in 3D for each temporal frame to generate wall-thickening curves for over 600 LV regions. The wall-thickening curve for each region was approximated by the 1-harmonic Fourier function to calculate a phase angle that represented the regional onset of mechanical contraction (OMC).
Once the OMC phase angles of all regions were obtained, an OMC phase distribution was generated Fig . 1 Processing steps of phase analysis. The gated SPECT MPI raw data were reconstructed and reoriented using the standard protocol to generate a gated SPECT MPI short-axis image. Regional maximal count detection was performed on the gated SPECT MPI short-axis image in 3D for each temporal frame to generate wall-thickening curves for over 600 LV regions. The wall-thickening curve for each region was approximated by the 1-harmonic function to calculate a phase angle that represented the regional onset of mechanical contraction (OMC). Once the OMC phase angles of all regions were obtained, an OMC phase distribution was generated and displayed as a polar map and a histogram. The standard deviation of the OMC phase distribution (phase standard deviation) and the histogram bandwidth (including 95% of the phase angles over the entire LV) indicated the degree of global LV dyssynchrony and displayed as a polar map and a histogram. The standard deviation of the OMC phase distribution (phase standard deviation, [PSD] ) and the phase histogram bandwidth (PHB) (including 95% of the phase angles over the entire LV) indicated the degree of LV global dyssynchrony [14] . It must be noted that these processing steps were largely automated; therefore, phase analysis has been shown to have excellent reproducibility and repeatability in measuring LV dyssynchrony [20, 21] . Figure 2 demonstrates the use of phase analysis to assess LV regional activation and to calculate septallateral wall delay (SLD). A 9-segment model was used to automatically segment the phase polar map as shown in Fig. 2 . The mean phase angles were automatically calculated for each segment to represent the relative regional activation time. The SLD was calculated as the difference between the mean phases of the septal and lateral segments. For a normal subject, the septal segment is activated earlier than the lateral wall; therefore, SLD is [ 0°.
Statistical analysis PSD and PHB were compared between the serial gated SPECT MPI scans in the repeatability cohort (N = 30) using the paired t test and Pearson's correlation analysis. The differences in PSD and PHB between the serial gated SPECT MPI scans were expected to be normally distributed around 0°. Therefore, the mean (l) and standard deviation (r) of the differences in these parameters should represent the measurement variability. Once l and r were determined, changes in LV dyssynchrony on serial gated SPECT MPI scans in any particular patient can be evaluated by one-sample z test as follows.
where x is the difference in PSD or PHB of the patient between the two serial scans. PSD and PHB were calculated for each patient in the HCM group pre-and post-ASA. According to the differences between pre-and post-ASA LV dyssynchrony, the HCM group was classified into two subsets: an ''improved'' subset with z B -1.00 (P B 0.15) for either PSD or PHB, and a ''nonimproved'' subset with z [ -1.00 for both PSD and PHB. Baseline LV global (PSD and PHB) and regional (SLD) dyssynchrony were compared among the two subsets and the control group using unpaired t test with unequal variance. In addition, a 2 9 2 table was used to analyze whether reverse septallateral wall activation, characterized by SLD \ 0°, predicted the improvement in LV synchrony post-ASA in the HCM group. 
Results
The LV outflow gradient decreased from 51 ± 38 mmHg before ASA to 7 ± 10 mmHg after ASA (P = 0.0001). Before ASA, 14 patients (44%) had ECG evidence of LV hypertrophy, and 3 patients (9%) had pacemakers. After ASA, 23 patients (72%) developed RBBB, 2 patients (6%) developed LBBB, and 11 patients (34%) required pacemaker. The perfusion defect size (involving the basal anteroseptal region) measured 7.3 ± 6.1% of LV myocardium (by polar maps). All patients reported improvement in their symptoms after ASA. Table 3 shows PSD and PHB measured in the repeatability cohort (N = 30). Paired t test showed no significant difference between the two serial studies, demonstrating the excellent repeatability of measuring LV dyssynchrony by phase analysis of gated SPECT MPI.
There were no significant differences in the LV dyssynchrony parameters between pre-and post-ASA in the entire HCM cohort (N = 32) (PSD: 14.8°± 6.5°vs. 12.8°± 6.1°, P = 0.149; PHB: 46.2°± 6.2°v s. 41.7°± 19.5°, P = 0.233). However, 12 HCM patients showed significant (z B -1.65, P B 0.05 for either PSD or PHB) and 4 HCM patients showed moderate (-1.65 \ z B -1.00, P B 0.15 for either PSD or PHB) improvement in LV synchrony post-ASA. These patients were classified as the ''improved'' group, whereas the other 16 HCM patients were classified as the ''non-improved'' group. Table 4 shows the baseline PSD, PHB, and SLD in the ''improved'' and ''non-improved'' groups and in the control cohort. The ''improved'' group had significantly more septal activation delay and LV dyssynchrony at baseline, as compared to the ''nonimproved'' group as well as the control group. The outflow gradient by Doppler 2D echocardiography at 3 months was 18.6 ± 7.6 mmHg in the improved group and 24.2 ± 26.4 mmHg in the non-improved group (P = 0.415). Table 5 shows the performance of septal activation delay in predicting the improvement in LV synchrony post-ASA in the HCM cohort. Reverse septal-lateral wall activation, characterized by SLD \ 0°, predicted improvement in LV synchrony post-ASA with a sensitivity of 81%, a specificity of 88%, and a positive predictive value of 87% and a negative predictive value of 82%. Table 6 shows the effect of ASA on septal activation and LV synchrony in the HCM cohort. Seventeen patients had reverse septal-lateral wall delay (SLD \ 0°). In these patients, ASA significantly reduced the septal activation delay and improved LV synchrony (P \ 0.001). Figure 3 shows an example HCM patient. At baseline the patient had reverse septal-lateral wall activation and significant LV dyssynchrony. ASA 
Discussion
This study, using phase analysis of gated SPECT MPI, showed that septal activation delay and LV mechanical dyssynchrony were frequent in HCM patients. The LV dyssynchrony improved after ASA in the subset of patients with HCM who had septal activation delay and LV mechanical dyssynchrony at baseline. Most importantly, reverse septal-lateral wall activation predicted improvement in septal-lateral wall activation and LV synchrony following ASA with a sensitivity, specificity, positive predictive value and negative predictive value [80%. The prognostic value of LV outflow obstruction in patients with HCM is modest and controversial [13] . The relationship between LV outflow gradient at rest and the risk for sudden cardiac death is not sufficiently strong to establish LV outflow obstruction as an independent risk factor or justify decisions for implantable cardioverter defibrillators (ICD) [22] . Right ventricular or dual chamber pacing was at one time considered a therapeutic option, conceivably by creating dyssynchrony and thereby decreasing gradient. Single-center studies have shown that dualchamber pacing reduced LV outflow obstruction and relieved symptoms refractory to maximal medical management [23] [24] [25] [26] [27] . However, randomized doubleblind cross-over studies could not confirm these findings and reduction in the pressure gradient was both inconsistent and generally modest [26, 27] .
A study using two-dimensional speckle tracking imaging showed that LV mechanical dyssynchrony was more severe in patients with HCM than in patients with hypertensive LV hypertrophy [28] . Another study using pulsed Doppler myocardial imaging showed that LV dyssynchrony was strongly related to increased septal thickness and LV outflow gradient in patients with HCM. This study also showed that severe LV dyssynchrony (intraventricular systolic delay [ 45 ms) identified a subgroup of HCM patients with nonsustained ventricular tachycardia during Holter monitoring with 91% sensitivity and 96% specificity [29] . These studies support that LV mechanical dyssynchrony may be another important parameter for characterization of HCM patients and may provide valuable information for risk stratification. In addition, LV mechanical dyssynchrony as assessed by tissue Doppler imaging has been extensively studied in patients with heart failure and shown to predict patient response to CRT [30, 31] . It must be noted that reliable TDI measurements require expertise to obtain reproducible results. Due to high intraobserver and inter-observer variability, the Predictors of Response to Cardiac Resynchronization Therapy . On the contrary, the technique used in our study, phase analysis of gated SPECT MPI, has been shown to have excellent reproducibility and repeatability in assessing LV mechanical dyssynchrony [20, 21] .
The clinical implications of our study are not clear as longer follow-up of clinical status and gradient measurements at rest and provocation are not available, although on short-term bases the patients showed symptomatic improvement. The relation of baseline dyssynchrony and SLD and their changes after ASA to the risk of serious ventricular arrythmias and sudden death requires further studies and in a larger number of patients. We had previously reported that the perfusion defect size tends to decrease late after ASA compared to the size early after ASA [19] . This is the first study that evaluated LV dyssynchrony and septal activation sequence before and after ASA in patients with HCM. This observational study may help further work in this area, specifically the relation between scar size to changes in synchrony and the impact of dyssynchrony on outcome, especially serious ventricular arrhythmias and sudden death.
Conclusion
Septal activation delay and LV dyssynchrony, as assessed by phase analysis of gated SPECT MPI, were frequent in HCM patients. HCM patients, whose septal activation became later than lateral activation, had significant reduction in septal activation delay and improvement LV synchrony after ASA. Fig. 3 
